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Abstract The metabolic syndrome is a cluster of common

pathologies: abdominal obesity linked to an excess of vis-

ceral fat, insulin resistance, dyslipidemia and hypertension.

At the molecular level, metabolic syndrome is accompanied

not only by dysregulation in the expression of adipokines

(cytokines and chemokines), but also by alterations in levels

of leptin, a peptide hormone released by white adipose

tissue. These changes modulate immune response and

inflammation that lead to alterations in the hypothalamic

‘bodyweight/appetite/satiety set point,’ resulting in the

initiation and development of metabolic syndrome. Meta-

bolic syndrome is a risk factor for neurological disorders

such as stroke, depression and Alzheimer’s disease. The

molecular mechanism underlying the mirror relationship

between metabolic syndrome and neurological disorders is

not fully understood. However, it is becoming increasingly

evident that all cellular and biochemical alterations

observed in metabolic syndrome like impairment of endo-

thelial cell function, abnormality in essential fatty acid

metabolism and alterations in lipid mediators along with

abnormal insulin/leptin signaling may represent a patho-

logical bridge between metabolic syndrome and

neurological disorders such as stroke, Alzheimer’s disease

and depression. The purpose of this review is not only to

describe the involvement of brain in the pathogenesis of

metabolic syndrome, but also to link the pathogenesis of

metabolic syndrome with neurochemical changes in stroke,

Alzheimer’s disease and depression to a wider audience of

neuroscientists with the hope that this discussion will ini-

tiate more studies on the relationship between metabolic

syndrome and neurological disorders.
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Introduction

Insulin resistance: a supernova in MetS

Obesity is a chronic pathological condition characterized

by the accumulation of excess adipose tissue associated

with an increased risk of multiple morbidities and mortal-

ity. It is a major health problem in the United States, with

two-thirds of the adult population being either overweight

or obese [1]. Obesity is causally linked to metabolic syn-

drome (MetS), a common and complex disorder associated

with insulin resistance (a state of diminished responsive-

ness to normal concentrations of circulating insulin),

increased abdominal fat (visceral obesity), atherogenic

dyslipidemia and hypertension. Obesity is also a primary

risk factor for diabetes (type 2) and cardiovascular disease

[2, 3]. MetS is also characterized by low high-density

lipoprotein (HDL) cholesterol in association with an elevated

triglyceride levels. This may be due to an increased tri-

glyceride load in the HDL particles, which are hydrolyzed

by the hepatic lipase. The loss of the triglyceride results in

small HDL particles that are filtered by the kidney,

resulting in a decrease in apolipoprotein (apo) A and HDL
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concentrations. Apart from an increase in the loss of

apoA, there are data supporting the view that insulin may

promote apoA gene transcription [4]. Therefore, insulin

resistance may be associated with diminished apoA bio-

synthesis [5]. With some exceptions, the principal

definitions of MetS do not include any reference to insulin

resistance or hyperinsulinemia despite clear evidence that

these factors play a causal role in its occurrence in most

patients. In addition to causing insulin resistance, an

increase in plasma FFA concentrations in normal subjects

to levels comparable to those in the obese also induces

oxidative stress, inflammation and subnormal vascular

reactivity [6].

The molecular mechanisms associated with MetS-med-

iated insulin resistance are complex because they involve

the activation/inhibition of a series of enzymes triggered by

lipid accumulation. Several hypotheses have been proposed

to explain mechanisms related to insulin resistance state. It

is proposed that an increase in FFA concentration as a

consequence of energy intake excess results in an elevation

of the intramitochondrial acetyl CoA/CoA and NADH/

NAD? ratios with subsequent inactivation of pyruvate

dehydrogenase. This in turn may cause increased citrate

concentrations, leading to inhibition of phosphofructoki-

nase. Subsequent increases in intracellular glucose-6-

phosphate concentration are known to inhibit hexokinase II

activity, which may result in an increase in intracellular

glucose concentration and a decrease in muscle glucose

uptake [7]. An alternative mechanism for FFA-induced

insulin resistance in human skeletal muscle involves

increases in delivery of FFA to muscle or a decrease in

their intracellular metabolism and subsequent increase in

intracellular fatty acid metabolites such as diacylglycerol,

fatty acyl CoA and ceramides. These metabolites activate a

serine/threonine kinase cascade (possibly initiated by pro-

tein kinase C-q) leading to the phosphorylation of serine/

threonine sites on insulin receptor substrates (IRS-1 and

IRS-2), which in turn reduces the ability of the insulin

receptor substrates to activate PtdIns 3-kinase. As a con-

sequence, glucose transport activity and other events

downstream of insulin receptor signaling are diminished

[4–6, 8].

‘‘Hidden scenario’’ of MetS: hormones and cytokines

The pathogenesis of MetS is complex and not fully

understood. However, it has been demonstrated that insulin

resistance and visceral obesity along with alterations in

adipokines and cytokines are the main causative agents [9].

More than 50 different adipokines have been identified and

characterized for their role in influencing and modulating

energy homeostasis and feeding behavior [10]. However,

many recent studies indicate that adipokines may also

contribute to induction and maintenance of long-term

potentiation, neuroprotection and neuroinflammation [11].

A major function of adipose tissue is to remove and store

circulating lipid, which protects other cells and tissues in

the body from the cytotoxic effects of free fatty acids

(FFA) in the circulation. Failure of adipose tissue to

effectively remove FFA from the circulation has been

reported to contribute to hypertension and atherosclerosis,

and ultimately the onset and development of MetS [12, 13].

Increased plasma levels of adipokines (leptin, plasminogen

activator-inhibitor 1), cytokines (tumor necrosis factor-a,

TNF-a, resistin and interleukin-6, IL-6) and non-esterified

fatty acids in obese individuals may block insulin action

and initiate insulin resistance, hyperglycemia and meta-

bolic dysfunction [14]. The mechanisms underlying the

association of MetS in hypertension with the development

of cardiovascular disease are not clearly understood.

However, several pathways involving endothelial dys-

function [15], arterial stiffness [16] and inflammation may

contribute to hypertension [17]. Since hypertension is

usually accompanied by other cardiometabolic risk factors

[18], it is likely that the cardiovascular risk profiles are

greatly exaggerated in the presence of underlying MetS,

leading to increased risks for cardiovascular morbidity and

mortality. Acute oral challenge with glucose in healthy

humans not only elevates superoxide radical generation in

leukocytes, but also activates redox sensitive proinflam-

matory transcription factors, including nuclear factor jB

(NF-jB) and activator protein-1 (AP-1) [19]. Levels of

adipokines and cytokines are correlated with insulin

resistance and hyperinsulinemia [20]. Leptin not only plays

an important role in maintaining energy homeostasis, but is

also associated with the regulation of food intake, body

weight and energy balance [21]. By acting on multiple

organs, leptin inhibits appetite and weight gain by

decreasing orexigenic and increasing anorexigenic peptide

expression in the hypothalamus [22]. In addition, leptin

also reduces the level of intracellular lipid in skeletal

muscle and liver [23]. Reduced leptin levels also increase

energy intake and limit the high-energy cost of reproduc-

tion, thyroid thermogenesis and immune response [24].

In rats and humans, symptomatic features of MetS are

linked with consumption of a high-fat and high-carbohy-

drate diet (an excessive caloric intake) [25], and lack of

exercise, which induce oxidative stress along with chronic

low-grade inflammation. These processes promote meta-

bolic dysfunction. To fuel these processes, inflammatory

cells such as leukocytes increase the expression and

activity of prooxidant enzymes including myeloperoxidase

and NADPH oxidases, which may initiate changes in car-

diovascular structure and function such as endothelial

dysfunction, cardiac hypertrophy, cardiac fibrosis and

ventricular contractile dysfunction [14, 26].
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Metabolic syndrome and neurological disorders

Evidence of overlap between degenerative and vascular

disorders is emerging from pathologic and epidemiological

studies where MetS has been related to cognitive disorders

both of degenerative and vascular origin [27], but also to

age-associated neuroendocrine disorders (AAND) [28].

Usually, the components of MetS have been considered

in an independent manner from a pathophysiological point

of view, as if MetS might be the sum of different disorders

and neuronal damage is the final center where all compo-

nents’ effects converge. A better approach can be to

consider the metabolic alterations like a continuum that

leads to various degrees of cognitive disorders [29], but

also as the peripheral expression of pathological processes

in the brain. The authors of this intriguing hypothesis have

proposed the term ‘‘metabolic-cognitive syndrome’’ (MCS)

to explain the complex relationship among metabolic dis-

orders, cognitive disturbances, and boundaries between

normal and pathological conditions [30]. Genetic, envi-

ronmental and lifestyle factors all together are responsible

in the first line of predisposition for the development of

metabolic disease as well as neurodegenerative disorders.

Nutritional signaling integrated by cerebral structures, in

particular the hypothalamus, activates a chain of neuro-

chemical events and triggers the relationship between brain

functions and metabolism. A contributor to brain alterations

in MetS may be a dysregulation of the hypothalamic-pitui-

tary-adrenal (HPA) axis, as stress-compatible circulating

levels of corticosterone, associated with a downregulation

of glucocorticoid receptor in the hippocampus, a region

particularly vulnerable for memory [30]. Glucocorticoids

elicit insulin resistance in the hippocampus, and many

pathophysiological conditions are associated with HPA

axis dysregulation, including aging, affective disorders and

metabolic diseases, particularly type II diabetes mellitus

[30]. Little is known about the contribution of the brain to

metabolic disorders. Although it is becoming increasingly

evident that neuronal circuits in the central nervous system

orchestrate metabolic homeostasis, the molecular mecha-

nism associated with induction and maintenance of

metabolic homeostasis is not clearly understood. Using

animal models, it has been shown that a chronic reduction

of insulin receptors in the ventromedial hypothalamus

produces glucose intolerance. Moreover, glucagon-like

peptide (GLP-1), a neuropeptide synthesized by neurons in

the caudal regions of the nucleus of the solitary tract, seems

to control food intake, blood pressure and heart rate [31,

32]. The purpose of this review is to stimulate a debate by

providing some mechanistic insights into signal transduc-

tion processes that link MetS with neurological disorders

(such as stroke, AD and depression) with the hope that this

discussion would initiate more studies not only on the

modulation of normal and abnormal insulin signaling in the

brain, but also on the role and contribution of phospholipid

and sphingolipid-derived lipid mediators in the pathogen-

esis of MetS.

Modulation of peripheral organ carbohydrate

metabolism by the brain

Studies on the relationship between obesity and diabetes

have indicated that multiple pathways interconnect the

pancreas, liver and adipose tissue with the central nervous

system, supporting the importance of the brain in the

physiology as well as pathophysiology of peripheral energy

balance and glucose homoeostasis [33]. According to a

most acceptable model, the specific circuitry in the brain

continuously receives afferent information regarding the

status of peripheral metabolism via hormonal signaling

as well as via direct macronutrient sensing [34–37].

The center of these brain networks is located within the

mediobasal hypothalamus, which is interconnected with

brainstem areas and the mesolimbic reward circuitry.

Afferent signals target these central areas through the

involvement of leptin, insulin, glucose and long chain fatty

acids. Leptin is produced by adipocytes, insulin is syn-

thesized and secreted by the pancreas, and glucose and

fatty acids are, at least in part, generated and released by

the liver. Brain neuronal circuits responsible for sensing

peripheral signals relevant to energy balance regulation are

highly interconnected with neural projections to and from

metabolically important peripheral organs [38, 39]. In

addition, as the levels of various peripheral signals change,

specific neuronal circuits within the brain respond by

adjusting ongoing autonomic nervous system activity to a

wide spectrum of organs, such as pancreas, liver and adi-

pose tissues. In the brain, the hypothalamus is a key

regulator of autonomic nervous system activity output as

well as a nutrient sensor [39]. Indeed, growing evidence

shows involvement of both glucose [40] and fatty acid

sensitive neurons within the hypothalamus, especially the

arcuate and ventromedial nuclei, in the regulation of both

energy homeostasis and food intake [41]. Thus, collective

evidence from many studies indicates that the brain plays

an important role in modulating glucose homeostasis,

including hepatic gluconeogenesis and glycogenolysis and

pancreatic function. These activities are largely mediated

by central regulation of the autonomic nervous system,

which was once thought to be functionally independent of

the brain [35, 36]. The autonomic nervous system regulates

key functions of the body including the activity of the heart

muscle, the smooth muscles and the glands. It has two

divisions: (1) the sympathetic nervous system, which

accelerates the heart rate, constricts blood vessels, and
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raises blood pressure; (2) the parasympathetic nervous

system slows the heart rate, increases intestinal and gland

activity, and relaxes sphincter muscles. This system acts in

concert with the hypothalamic-pituitary-adrenal axis to

modulate metabolic responses to changes in energy

requirements and plasma glucose levels [35, 36]. Special

sensory and gastrointestinal afferent neural signals, along

with blood-borne metabolic signals, impinge on parallel

central autonomic circuits located in the brainstem and

hypothalamus to signal changes in metabolic balance

between both sensory and motor components of the

brainstem vagal system and hypothalamus through exten-

sive cross-talk. This cross-talk ultimately results in

coordinated regulatory autonomic and neuroendocrine

processes to maintain energy homeostasis [35, 36].

Neurons in central autonomic areas participate in regu-

lating peripheral glucose metabolism. Stimulation of lateral

hypothalamic nuclei increases parasympathetic nervous

system activation and has been shown to decrease blood

glucose levels by increasing glycogen synthesis in the liver

[42, 43]. In contrast, stimulation of ventromedial hypo-

thalamic nuclei results in the activation of the sympathetic

nervous system and a subsequent rise in blood glucose

level, which is mediated by hepatic glycogenolysis [43].

These observations are supported by denervation studies,

which indicate that the brain plays a key role in hepatic

glucose modulation [34]. Activation of parasympathetic

motor output may not produce large changes in glucose

production by the liver, but systemic insulin-induced sup-

pression of hepatic gluconeogenesis is decreased to

approximately half after hepatic branch vagotomy. This

observation indicates that the vagus nerve mediates a large

portion of the insulin-mediated neural regulation of glucose

production [44]. Accumulating evidence suggests that

effects of metabolic signals on peripheral nervous systems

and visceral smooth muscle thus work in concert with

effects on central components to modulate visceral func-

tions [36].

Insulin and leptin signaling in the brain

It is well known that insulin, insulin-like growth factor type

1 and type 2 (IGF-1 and IGF2), and their corresponding

receptors are abundantly expressed in neuronal and glial

cells throughout the brain [45–47], and the highest density

of insulin, IGF polypeptide and their receptor gene

expression is found in the hypothalamus. The interactions

between insulin and its receptor stimulate intrinsic receptor

tyrosine kinases leading to tyrosine phosphorylation of the

IRS-2. Tyrosine-phosphorylated IRS-2 then activates sub-

sequent proteins, eventually leading to activation of Akt/

protein kinase B (Fig. 1). Activation of Akt not only

stimulates glucose transport, but also promotes the growth,

survival and energy metabolism of neural cells [46]. A

critical feature of the insulin/IRS-2 signal transduction

cascade is the interaction of tyrosyl phosphorylated (PY)

IRS-2 with adaptor molecules that contain src homology

domains, such as Grb2 and the p85 subunit of phosphati-

dylinositol 3-kinase (PtdIns 3 kinase) (Fig. 1). In the brain,

insulin and IGF modulate neuronal growth, survival,

differentiation, migration, metabolism, gene expression,

protein synthesis, cytoskeletal assembly, synapse formation

and plasticity [48]. Impaired insulin/IGF signaling

adversely affects glucose homeostasis, energy metabolism,

and white matter fiber structure and function [46].

Although cerebral blood flow and energy metabolism are

modulated by insulin and IGF, which are found in the

circulation, their endogenous expression in the brain results

in the downstream signaling pathways that selectively

regulate learning and memory.

In skeletal muscle and adipose tissue insulin not only

accelerates glucose entry by evoking the translocation of

GLUT4 glucose transporters from intracellular stores to the

plasma membrane, but also regulates several metabolic

enzymes (e.g., glycogen synthase or p70 S6-kinase) to

promote storage of the incoming glucose as glycogen, tri-

glyceride or protein. Like the brain, insulin mediates these

pleiotropic effects through insulin receptors with intrinsic

tyrosine kinase activity (Fig. 1). The activated receptor

phosphorylates insulin receptor substrate-1 (IRS-1), which

recruits and activates intracellular effector enzymes. One

of these effector enzymes is PtdIns 3K. This enzyme is

needed for insulin’s metabolic, anti-apoptotic and mito-

genic effects. PtdIns 3K initiates a widely conserved

signaling pathway leading to the activation of Akt/protein

kinase B (PKB), a serine/threonine kinase that is a central

mediator to insulin-stimulated glucose uptake and anabolic

metabolism.

Leptin (16-kDa peptide) is a hormone released by white

adipose tissue. It carries humoral signals from the periph-

ery to neuronal networks regulating food intake and energy

expenditure leading to homeostasis [45]. Alterations in the

plasma levels of leptin or insulin indicate a state of altered

energy homeostasis and adiposity. Brain responds to these

changes by adjusting food intake to restore adipose tissue

mass to a regulated level [45]. In obesity, circulating levels

of leptin and insulin are high because of the presence of

increased body fat mass and insulin resistance. The can-

didate site for the brain’s detection of leptin adiposity

signaling is the hypothalamic arcuate nucleus (ARC),

where leptin inhibits expression neuropeptide Y and

increases expression of the pro-opiomelanocortin (Pomc)

precursor of aMSH [45]. ARC contains two distinct sets of

neurons with the opposite effects on feeding behavior that

each expresses insulin and leptin receptors. Through

coordinated action on hypothalamic neurons that stimulate
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or inhibit feeding behavior, insulin and leptin function

centrally as satiety signals to decrease food intake when

energy levels are met and adipose tissue has been restored.

Insulin also inhibits ARC expression of neuropeptide Y but

its effects on other hypothalamic signaling systems are

not fully understood [45]. Leptin-responsive neurons in

the ARC project to the paraventricular nucleus (PVN)

and lateral hypothalamic area where they modulate the

expression of peptides that regulate food intake. Recent

studies indicate that leptin and insulin enhance the satiety

action of peripheral cholecytokinin (CCK), thereby causing

meals to be terminated earlier and reducing cumulative

food intake. This suggests that hypothalamic pathways are

sensitive to leptin and insulin adiposity signals and have

anatomical connections with caudal brainstem neurons that

respond to meal-related signals and regulate meal size.

Effects of leptin are also mediated by the activation of

the mammalian target of rapamycin (mTOR). Two differ-

ent forms of mTOR complexes (mTORC1 and mTORC2)

with distinct functions are known to occur in mammalian

tissues [49]: mTORC1 is a ribosomal p70 S6 protein kinase

(S6 K) and eukaryotic initiation factor 4E-binding protein

1 (4E-BP1), which is involved in intracellular nutrient

sensing controlling protein synthesis, cell growth and

proliferation, metabolism and autophagy [50]. On the other

hand, mTORC2 is the Ser473 kinase for Akt contributing

to its activation. mTORC2 not only controls the activity of

serum glucocorticoid-induced kinase, but is also involved

in the organization of actin [51]. Both mTORC1 and

mTORC2 are activated by leptin, insulin and insulin

growth factor-1. The control of these pathways involves

the assembly of the enzymatic complexes of mTORC1

and mTORC2. mTORC1 is the most studied and highly

complex to catalytic inhibition by rapamycin. mTORC1

inhibition as well as the consequent downregulation of

downstream substrates is not only involved in protein

synthesis, but also in upregulation of autophagy. Studies on

the effect of rapamycin in animal models of diabetes

indicate that rapamycin induces fulminant diabetes by

inducing and increasing insulin resistance and reducing

b-cell function and mass. This may dramatically worsen

metabolic syndrome in nutrition-dependent type 2 diabetes.

These observations indicate the essential role of mTOR/

S6K1 in orchestrating b-cell adaptation to hyperglycemia

in type 2 diabetes. Thus, it is likely that treatments based

on mTOR inhibition may cause exacerbation of diabetes

[52]. Like insulin, leptin signaling occurs through tyrosine

kinase. Tyrosine kinase-mediated signaling either occurs
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Fig. 1 Leptin and insulin signaling in the brain. IRS-2 Insulin

receptor substrate-2, Atk/PKB serine/threonine protein kinase, JAK-2

Janus kinase 2, STAT3 Signal transducer and activator of transcrip-
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dependent kinase, PP2A protein phosphatase type 2A, PKCf protein
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through autophosphorylation of adjacent receptors or

through recruitment of signaling molecules to phosphory-

lated tyrosine residues in the receptor tail [53–55] (Fig. 1).

A critical difference in insulin- and leptin-mediated

signaling lies in the manner of activation upon ligand

binding—the insulin receptor has intrinsic activity in that

insulin binding stimulates auto-phosphorylation and acti-

vation of downstream signaling targets, whereas leptin

receptor requires JAK-STAT binding for optimal activation

of PtdIns 3K/Akt [52]. Upon stimulation, both insulin and

leptin activate IRS-2 [56–66] and its downstream targets

(Fig. 1). IRS-2 activates the PtdIns 3K pathway [46].

PtdIns 3-kinase is localized in the hypothalamus. Leptin

also induces PtdIns 3K in Pomc neurons, and leptin with-

drawal activates PtdIns 3K in ARC, coexpressing agouti-

related protein (AgRP) neurons in hypothalamic slice

preparation [55]. Pomc and AgRP neurons integrate

information from leptin/insulin signaling and relay it to

downstream brain effectors that modulate the balance

between food consumption and energy homeostasis via

changes in both energy intake and expenditure, with acti-

vation of Pomc neurons promoting negative energy balance

and activation of AgRP neurons promoting positive energy

balance [55]. PtdIns 3K inhibitors reverse the effect of

leptin on NPY and AgRP gene expression [56]. Leptin also

stimulates K?-ATP channel activity in ARC neurons in a

PtdIns 3K-dependent manner in vitro [57]. Furthermore, it

is reported that the PtdIns 3K signaling pathway is

upstream to the forkhead transcriptional factor subfamily

box O1 (FOXO1) in hypothalamic neurons, and the PtdIns

3K-Akt-FOXO1 signaling pathway mediates the effects of

leptin and insulin on the transcriptional regulation in NPY/

AgRP and POMC neurons [54]. During FOXO signaling,

this transcription factor shuttles between the nucleus and

cytoplasm [67]. PtdIns 3K/Akt-mediated phosphorylation

of FOXO leads to the translocation of FOXO from the

cytoplasm to the nucleus. In the nucleus FOXO interacts

with DNA and partner proteins, and regulates the tran-

scription of specific target genes through multiple modes of

action. FOXO can recruit transcriptional co-activators or

cooperating DNA-binding transcription factors. Alterna-

tively, FOXO factors may repress transcription by

competing with other transcription factors for a common

binding site in a gene promoter [68]. FOXO factors may

also act as co-activators or co-repressors, thereby regulat-

ing transcription through promoters that lack FOXO-

binding sites. Feeding inhibits the activation of FOXO1 by

insulin and leptin in the hypothalamic neurons. The acti-

vation of FOXO1 in the hypothalamus increases food

intake and body weight, whereas inhibition of FOXO1

decreases food intake and body weight. FOXO1 stimulates

the transcription of the orexigenic neuropeptide Y and

AgRP through the PtdIns 3K)/Akt signaling pathway.

These data support the view that hypothalamic FOXO 1 is

an important regulator of food intake and energy balance

[67].

Leptin also mediates serine phosphorylation of Akt and

glycogen synthase kinase 3, but to a lesser extent than

insulin, and the combination of these hormones does not

produce an additive effect [69]. These results support the

view that complex interactions between the leptin and

insulin signaling pathways can potentially lead to differ-

ential modification of the metabolic and mitotic effects of

insulin exerted through IRS-1 and IRS-2 and the down-

stream kinases that they activate. Furthermore, the ability

of leptin to reduce food intake when administered into the

ventral tegmental area depends on JAK-STAT3 signaling

[63] (Fig. 1), which may represent a level of molecular

specificity in relation to the regulation of food intake and

food reward. These results suggest that manipulation of

effector proteins linked to insulin and leptin receptor

activation may be capable of altering food intake [57].

Lipid mediators in metabolic syndrome

and neurological disorders

Lipid mediators are a class of bioactive molecules that are

synthesized from membrane phospholipids, sphingolipids

and cholesterol in response to extracellular and intracel-

lular stimuli. In brain, the action of phospholipase A2

(PLA2) on membrane phospholipid results in the release

polyunsaturated fatty acids and lysophospholipids. Lyso-

phospholipids are acetylated to platelet-activating factor

and its analogs [64]. Among polyunsaturated fatty acids

(PUFA), arachidonic acid (ARA) is a precursor for lipid

mediators called eicosanoids. Eicosanoids include prosta-

glandins, leukotrienes, thromboxanes and lipoxins.

Furthermore, endocannabinoids are another group of ARA-

derived lipid mediators. Docosahexaenoic acid (DHA)-

derived lipid mediators are known as docosanoids, which

include resolvins, protectins and maresins [64]. Phospho-

lipid-derived lipid mediators are regarded as local

hormones or autacoids. Sphingolipid-derived lipid media-

tors include ceramide, ceramide 1 phosphate, sphingosine

and sphingosine 1 phosphate. Cholesterol-derived lipid

mediators include hydroxycholesterols. Phospholipid-,

sphingolipid- and cholesterol-derived lipid mediators

modulate many physiological processes, including growth,

differentiation, adhesion, migration and apoptosis, and

their dysregulations contribute to abnormal signal trans-

duction processes, which are often linked to various

diseases such as inflammation, infertility, atherosclerosis,

ischemia, MetS and cancer [64].

746 A. A. Farooqui et al.

123



Fatty acid-derived lipid mediators in metabolic

syndrome and neurological disorders

Polyunsaturated fatty acids are vital components of phos-

pholipids and sphingolipids of cell membranes. In brain

and visceral tissues, polyunsaturated fatty acids not only

serve as precursors for lipid mediators that modulate oxi-

dative stress and inflammation, but also play an important

role in the nuclear events modulating the expression of

specific genes involved in lipid and glucose metabolism

and adipogenesis. The amount and type of fat included in

the diet play important roles in the development of obesity

and insulin resistance [65]. Specifically, diets high in sat-

urated fat and ARA promote obesity, insulin resistance,

hypertension, diabetes and heart disease, and increase

chances of neurological disorders in rodents and humans

[60], whereas diets high in olive (oleic acid) and fish oils

(DHA and eicosapentaenoic acid, EPA), namely the

Mediterranean diet, prevent or attenuate the development

of obesity, diabetes, hypertension, heart disease and neu-

rological disorders [60, 66]. Studies on animal models of

diabetes and neurological disorders indicate that depletion

of n-3 fatty acids in the diet can lead to many symptoms of

metabolic syndrome and increase risk factors for neuro-

logical disorders [70]. The hypothetical link between

PUFA and insulin resistance both in the brain and

peripheral tissues is represented by lipid rafts. These

microdomains of membranes are involved in the intracel-

lular trafficking of lipids and lipid-anchored protein. These

rafts can be partially modified by diet, particularly (but not

exclusively) by dietary fatty acids [71]. However, it is not

clear whether dietary PUFAs incorporate into raft lipids or

whether their low affinity to cholesterol disallows this and

causes phase separation from rafts and displacement of raft

proteins. Although there is increasing evidence suggesting

that membrane microdomains and their modulation have an

impact in health and disease, it is too early to affirm

whether modulation of lipid rafts is responsible for the

immunomodulatory effects of n-3 PUFA. In addition to

dietary fatty acids, gangliosides and cholesterol may also

modulate microdomains in a number of tissues, and recent

work has highlighted sphingolipids in membrane micro-

domains as potential targets for inhibition of tumor growth

factor by n-3 PUFA [72]. The roles of fatty acids and

gangliosides in cognitive development, age-related cogni-

tive decline, psychiatric disorders and AD are understood

and require clarification, particularly with respect to the

contribution of lipid rafts. The roles of lipid rafts in met-

abolic disorder pathogenesis and in insulin resistance are

only just emerging, but compelling evidence indicates

the growing importance of membrane microdomains in

pathological processes [72]. Several aspects of brain

metabolism clearly respond to insulin action, and although

insulin and IGF-1 are supplied by the circulation, a smaller

proportion of insulin is produced in the brain itself [73].

Moreover, IRS have been found in different brain areas

with variable densities, in particular, in the olfactory bulb,

hypothalamus, cerebral cortex and hippocampus [74].

Therefore, impairment of insulin and IGF-1 signaling leads

to decreased energy metabolism, and an increase in oxi-

dative stress is manifested by reduced glucose uptake and

ATP production [75]. Reduced ATP adversely affects

cellular homeostasis, membrane permeability and funda-

mental processes required for synaptic maintenance and

remodeling, which are needed for learning and establishing

new memory. In addition to a metabolic function, insulin

and IGF-1 modulate neuronal growth, survival, differenti-

ation, migration, gene expression, protein synthesis,

cytoskeletal assembly, synapse formation and plasticity. In

addition, they regulate growth, survival and myelin pro-

duction/maintenance in oligodendrocytes [48].

The Mediterranean diet is now recognized as a dietary

model able to prevent cardiovascular disease, aging-related

diseases and neurodegeneration thanks to its equilibrate

intake of several nutraceutical elements, mainly due to a

healthy n-3/n-6PUFA ratio [76]. The Western diet, on the

contrary, contains high amounts of ARA, palmitic and

stearic acids. It is deficient in DHA and EPA [77]. The high

intake of food enriched in ARA elevates levels of ARA-

derived eicosanoids and upregulates the expression of

proinflammatory cytokines (TNF-a, and IL-1b). ARA-

derived eicosanoids have prothrombotic, proaggregatory,

vasoconstrictive and proinflammatory properties. In addi-

tion, ARA is also a precursor of 4-hydroxynonenal

(4-HNE), a nine-carbon a, b-unsaturated aldehyde, which is

generated by the lipid peroxidation of ARA. High concen-

trations of 4-HNE induce oxidative stress and apoptotic cell

death [64]. In contrast, a diet enriched in EPA and DHA

generates docosanoids, which not only downregulate pro-

inflammatory cytokines, but also have antiinflammatory,

antithrombotic, antiarrhythmic, hypolipidemic and vaso-

dilatory effects. Lipid peroxidation of DHA results in

formation of 4-hydroxyhexanal (4-HHE). Like 4-HNE,

4-HHE also induces oxidative stress. Oxidative stress and

inflammation are associated with the progression of insulin

resistance and MetS [78]. Some investigators have sug-

gested that inflammation should be included as a component

in the definition of MetS because it is such an important part

of the pathophysiology [79]. Hyperglycemia, an increase in

plasma FFA levels and hyperinsulinemia have been linked

to increased production of reactive oxygen species (ROS),

which activate nuclear factor-jB (NF-jB), a proinflam-

matory transcription factor that triggers a signaling cascade

leading to a continued synthesis of oxidative species,

induction of proinflammatory cytokines and low-grade

chronic inflammation [80].
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Collective evidence suggests that levels of eicosanoids

and docosanoids in brain and visceral tissues are partly

regulated by diet [77]. Accumulation of saturated fatty

acids in myocytes, hepatocytes, cardiomyocytes and pan-

creatic b cells, and the metabolic products of n-6 fatty acids

have been linked to insulin resistance and metabolic syn-

drome [81]. Incubation of muscle cells with saturated fatty

acid (palmitic acid) results in reduction in glucose uptake,

whereas incubation of these cells with unsaturated fatty

acids (n-6 and n-3 fatty acids) increases glucose uptake

[82]. The molecular mechanism associated with this pro-

cess is not fully understood. However, it is suggested that

saturated fatty acids impair the insulin-dependent activa-

tion of Akt, which has been linked strongly to the hormonal

regulation of glucose transport and glycogen synthesis

[83]. By inhibiting the condensation of serine with palmi-

toyl-CoA to form 3-ketosphinganine, the inhibitor

(myriocin) decreases ceramide synthesis without elevating

intermediates such as sphinganine, which are upstream of

ceramide formation and also have biological effects [84].

Myriocin treatment of rats infused with different lipid

cocktails for 6 h to induce insulin resistance in an acute

fashion indicates that a reduction in ceramide accumulation

in skeletal muscle can prevent defects in glucose disposal

[85]. In genetically obese Zucker diabetic fatty (ZDF) rats

and fat-fed mice, long-term administration of the inhibitor

results in improvement of glucose tolerance. In contrast,

unsaturated fatty acids neither effect Akt and ceramide

synthesis nor produce insulin sensitivity [66]. This may

be due to increased polyunsaturated fatty acid-mediated

utilization of glucose [86]. In addition, the presence of

polyunsaturated fatty acids induces a certain degree of

unsaturation for maintaining plasticity, which facilitates

movement of the glucose receptor to the cell’s surface. In

human brain and skeletal muscles, insulin sensitivity is

correlated with the amount of DHA present in neural and

skeletal muscle cell phospholipids [87]. Although little is

known about the molecular mechanism involved in the

beneficial effects of n-3 fatty acids, it is suggested that n-3

fatty acids, like insulin, not only stimulate leptin gene

expression and secretion, but also increase basal glucose

uptake and regulate lipogenesis by modulating transcrip-

tion factors [88]. Similar to n-3 fatty acids, leptin has

multiple beneficial effects (both systemic and local) on

energy homeostasis and glucose, so it is possible that some

effects of n-3 fatty acids may limit obesity and improve

insulin sensitivity via increased leptin production [88–90].

Like n-3 fatty acids, oleic acid also produces beneficial

effects on palmitic acid-mediated impairment of the insu-

lin-dependent activation of Akt, a process that is linked

strongly to the hormonal regulation of glucose transport

and glycogen synthesis. Oleic acid prevents palmitate-

induced ceramide synthesis at the level of dihydroceramide

desaturase (DES1). It prevents palmitate-induced increases

in mRNA for DES1, an enzyme that plays a crucial role in

de novo synthesis of ceramide through addition of the 4,5-

trans double-bond to its immediate metabolic precursor

dihydroceramide. Thus, DES1 may significantly impact

ceramide signaling processes since the enzyme essentially

modulates the dihydroceramide/ceramide ratio in cells

[91]. Oleic acid prevents the increase in ceramide through

attenuation of the increase in messages and activity of

DES1. Knock-down of DES1 also protects from palmitate-

induced insulin resistance, and overexpression of this

enzyme ameliorated the protective effect of oleic acid.

Together, these findings not only provide insight into the

mechanisms of oleic acid-mediated protection against

metabolic syndrome, but also provide novel evidence for

fatty acid-mediated regulation of a key enzyme of ceramide

biosynthesis [92].

Diacylglycerol in metabolic syndrome and neurological

disorders

Diacylglycerol (DAG) is a key lipid intermediate linking

nutrient excess to the antagonism of insulin signaling [93],

and this molecule has been shown to accumulate in mus-

cles obtained from insulin-resistant rodents and humans

[94, 95]. In neural and non-neural cells insulin-mediated

stimulation of phospholipase C (PLC) results in degrada-

tion of membrane phosphatidylinositol 4,5-bisphosphate

(PtdIns-4,5-P2) leading to the formation of DAG and ino-

sitol 1,4,5-trisphosphate (Ins-1,4,5-P3). DAG stimulates

various isoforms of protein kinase C (PKC) isoforms, and

Ins-1,4,5-P3 mobilizes calcium from intracellular stores.

No information is available on the effect of DAG ingestion

on signal transduction processes in the brain. Similarly,

levels of DAG in brains of metabolic syndrome patients

have not been determined. However, ischemic injury, AD

and depression are accompanied by the breakdown of

neural membrane phospholipids and alterations in levels of

DAG [64].

Infusing a triglyceride emulsion enriched in the acyl chain

linoleate induces insulin resistance and promotes the accu-

mulation of DAG (predominantly containing one or more

linoleate acyl chain) [96]. In vitro studies also indicate that

pretreatment of L6 cells with saturated fatty acids reduces

IRS-1 tyrosine phosphorylation and p85 association. Over-

expression of DAG kinase epsilon reverses the activation of

PKC isoforms by linoleate, but paradoxically further

diminishes IRS-1 tyrosine phosphorylation. Conversely,

lisofylline, a novel anti-inflammatory methylxanthine,

treatment restores IRS-1 phosphorylation. Mass spectrom-

etry studies demonstrate that the dilinoleoyl-phosphatidic

acid contents increase from undetectable levels to almost
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20% of total phosphatidic acid in L6 cells and to 8% of total

in the muscle of mice fed a high-fat diet. In L6 cells, micelles

containing dilinoleoyl-phosphatidic acid specifically inhibit

IRS-1 tyrosine phosphorylation and glycogen synthesis in

L6 cells [97], supporting the view that PKC is closely asso-

ciated with phosphorylation of IRS-1 in L6 cells.

DAG oil is present in edible vegetable oils. DAG is

effective for fasting and postprandial hyperlipidemia and

for preventing excess adiposity [98]. Thus, DAG ingestion

reduces plasma triacylglycerol (TAG) and FFA levels

compared with TAG ingestion, suggesting that DAG sup-

presses postprandial TAG-rich lipoprotein independent of

lipoprotein lipase [99]. It is also reported that DAG sig-

nificantly increases plasma serotonin, which is mostly

present in the intestine and mediates thermogenesis, sup-

porting the involvement of DAG in postprandial increases

in energy expenditure. Furthermore, DAG ingestion

prevents the high-sucrose-diet-induced development of

impaired glucose tolerance compared with TAG oil

ingestion in male Wistar rats [100]. Upregulated mRNA

expressions associated with FFA transport (FFA translo-

case and FFA binding protein), b-oxidation (acyl-CoA

oxidase and medium-chain acyl-CoA dehydrogenase) and

thermogenesis (uncoupling protein-2) in the small intestine

by DAG may explain in part mechanisms for increased

postprandial energy expenditure [101]. Based on these

observations, it is suggested that DAG can be used as a

therapeutic agent for the treatment of MetS [102].

Ceramide in metabolic syndrome and neurological

disorders

Insulin resistance also promotes lipolysis, which generates

toxic lipids such as ceramides. They are lipid signaling

molecules, which mediate several effects, including cell

proliferation, motility, plasticity, inflammation, apoptosis

and increased insulin resistance. In addition, ceramide also

impairs mitochondrial function and cell viability [103].

Ceramides cause insulin resistance by activating proin-

flammatory cytokines and inhibiting insulin-stimulated

signaling through PtdIns 3K/Akt. Ceramide forms the

backbone of all complex sphingolipids. It is composed of

the long-chain sphingoid base, sphingosine, in N-linkage to

a variety of acyl groups (varying in length from C14 to C26).

In addition to serving as a precursor to complex sphingo-

lipids, ceramide is a potent signaling molecule capable of

regulating vital cellular functions [64]. Thus, ceramide is

associated with the regulation of cell growth, viability,

differentiation, cell signaling, apoptosis, cytokine biosyn-

thesis, secretion, regulation of enzyme activities, neutrophil

adhesion to the vessel wall, vascular tone and senescence

[104]. Biosynthesis of ceramide starts with condensation of

serine with acyl-CoA such as palmitoyl-CoA. The depen-

dence of ceramide synthesis on palmitate, a saturated fatty

acid, makes this sphingolipid an attractive candidate

metabolite linking lipid oversupply to insulin signaling.

Exposing muscle cells to palmitate not only elevates cera-

mide synthesis and inhibits insulin-mediated stimulation of

Akt/protein kinase B, but also negates the antagonistic

effect of saturated free fatty acids toward Akt/PKB [105]. In

obesity, adipose tissue, skeletal muscle and liver exhibit

major abnormalities in sphingolipid metabolism that not

only result in increased ceramide production, inflammation

and activation of proinflammatory cytokines, but also pro-

duce impairments in glucose homeostasis and insulin

responsiveness [106]. Thus, ceramide levels are increased

in muscles or liver from insulin-resistant rodents [107] and

humans [108]. When added to cultured cells, ceramide

analogs retard insulin-stimulated glucose uptake, GLUT4

translocation and/or glycogen synthesis. In cultured muscle

[109], adipocytes [110] and hepatocytes, ceramide analogs

block the activation of Akt, which underlies its rapid effects

on glucose uptake and anabolic metabolism. Ceramide

blocks Akt signaling via two independent mechanisms.

First, ceramide promotes the dephosphorylation of Akt by

directly activating protein phosphatase 2A (PP2A), which is

the primary phosphatase associated with dephosphorylating

Akt [111]. Second, ceramide prevents the translocation and

activation of Akt through the activation of PKCf, which

phosphorylates Akt on an inhibitory residue present in the

enzyme’s pleckstrin homology domain [109].

It is not known whether brain ceramide modulates cer-

amide metabolism in visceral tissues or not. However,

alterations in ceramide metabolism in visceral tissues in

neurological disorders have been reported to occur [64].

Levels of ceramide are significantly increased in ischemic

injury, AD and depression [64]. Elevation in ceramide

levels is known to promote apoptosis through the activation

of caspase-3 and the protease responsible for the cleavage

of polyADP-ribose polymerase. Activation of caspase-3

results in degradation of a number of enzymes (protein

kinase C, cPLA2, PLC, phosphatases, cyclooxygenases),

cytoskeletal proteins (a-spectrin, b-spectrin, actin, and

vimentin) and members of the Bcl-2 family of apoptosis-

related proteins as well as DNA modulating enzymes. The

degradation of the above-mentioned proteins results in

abnormal signal transduction and key morphological

changes associated with apoptotic cell death [64].

Endocannabinoids in metabolic syndrome

and neurological disorders

Endocannabinoids are ARA-containing phospholipid-

derived lipid mediators capable of binding to CB1 and CB2
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receptors. The two best characterized endocannabinoids

include N-arachidonoylethanolamine (AEA; anandamide)

and 2-arachidonoylglycerol (2-AG) [64]. Endocannabi-

noids are not stored in cells, but are rapidly synthesized,

released and degraded by intracellular enzymes. AEA and

2-AG are hydrolyzed by fatty acid amide hydrolase

(FAAH) and monoacylglycerol lipase (MAGL), respec-

tively [112]. Endocannabinoid signaling involves

inhibition of cAMP synthesis and Ca2? mobilization, as

well as activation of K? efflux in neuronal cells. CB1 is

highly expressed in several organs and tissues, with an

outstanding abundance in the central nervous system,

whereas lower expression levels are found in peripheral

tissues. CB2 is predominantly located on immune periph-

eral cells [112]. There is evidence that a high amount of

alcohol consumption modifies the expression of CB1 as

well as G-protein coupled receptors [113]. This observation

is important in the light of CB system involvement in both

metabolism alteration and neurodegeneration. The actual

expression level of CB2 receptors in normal conditions is

still under intense debate, but several studies have revealed

that CB2 receptors are upregulated after chronic pro-

inflammatory stimuli [114]. CB2 receptors seem to be

involved in a protective cellular cascade activation ame-

liorating endothelium function [115].

In mice with high-fat diet-induced obesity, the upregu-

lation of CB1 receptors and/or endocannabinoid

concentrations have been reported to contribute to insulin

resistance, dyslipoproteinemia and nonalcoholic fatty liver

diseases [116]. Alterations in endocannabinoid concentra-

tion are caused by changes in the activity/expression of

enzymes regulating endocannabinoid biosynthesis and

degradation [116]. Studies in animal models of obesity

indicate that mutations in either the leptin or the leptin

receptor gene (for example, ob/ob mice, db/db mice, fa/fa

rats) may play a pathophysiological role in obesity. In

normal rats, leptin injection reduces hypothalamic levels of

AEA and 2-AG, and endocannabinoid levels are elevated

in the above animal models of leptin deficiency (ob/ob

mice) or defective leptin receptor signaling (db/db mice,

fa/fa rats).

It is well known that both inhibitory and stimulatory

factors from the gastrointestinal tract regulate food intake.

The effects of the satiety hormone, cholecystokinin (CCK),

are mediated via vagal afferent neurons, which not only

express CCK-1 receptor on vagal afferent neurons, but also

express cannabinoid CB1 receptors. Retrograde tracing

studies indicate that these neurons project to the stomach

and duodenum. RT-PCR, immunohistochemistry and in

situ hybridization studies on the expression of CB1

receptors in rat nodose ganglia indicate that these receptors

are increased by withdrawal of food for C12 h. However,

after re-feeding of fasted rats results in a rapid loss of CB1

receptor expression. These effects can be blocked by the

CCK-1 receptor antagonist (lorglumide) and mimicked by

administration of CCK to fasted rats, because CCK is a

satiety factor that acts via the vagus nerve and CB1 ago-

nists stimulate food intake. These data suggest a new

mechanism modulating the effect on food intake on satiety

signals from the gastrointestinal tract [113–117].

Blockade of the CB1 receptor has been recently used for

the treatment of obesity. The first selective CB1 receptor

antagonist (rimonabant) has already successfully com-

pleted phase III clinical trials. It is reported that rimonabant

treatment results in sustained weight loss and a reduction in

waist circumference [117]. Rimonabant-treated patients not

only show significant improvement in high-density lipo-

protein cholesterol profiles, triglyceride levels and insulin

resistance, but also show significant reduction in the

prevalence of metabolic syndrome. Currently, one of the

most discussed aspects of endocannabinoid system func-

tion is to what extent the endocannabinoid system might

affect metabolism independently of its control over body

weight and food intake. Specifically, a food-intake- and

body-weight-independent role in the regulation of glucose

homeostasis and insulin sensitivity could have major

impact on the potential of drug candidates targeting the

endocannabinoid system for the prevention and treatment

of metabolic syndrome.

Alterations in endocannabinoids have been reported to

occur in mood disorders and neurodegenerative diseases.

Accumulating evidence suggests that an imbalance in the

endocannabinoid system (decrease in neuronal cannabinoid

CB1 receptors, increase of glial cannabinoid CB2 receptors

and over-expression of FAAH in astrocytes in experimental

models of AD as well as in post-mortem brain tissue of

AD patients) may not only be involved in alterations in

neurotransmitter systems, but also in upregulation in

inflammatory processes.

Endocannabinoids (AEA and 2-AG) are substrates for

FAAH, and both are converted into ARA; the overex-

pression of FAAH in astrocytes surrounding neuritic

plaques suggests that astrocytes, via FAAH, may be a

significant source of ARA and related proinflammatory

eicosanoids near these plaques in the AD brain [118].

Endocannabinoids produce beneficial effects in neurode-

generative disorders such as AD and Huntington’s disease

(HD) [119]. These beneficial effects are due to endocan-

nabinoid receptor-dependent and independent mechanisms,

which include the antioxidant activity of cannabinoids,

activation of cytoprotective signaling pathways such as

neurotrophic factors (e.g, brain-derived neurotrophic fac-

tor, BDNF) or protein kinase A and B, and modulation of

immune responses [120].
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Endocannabinoid-based drugs produce beneficial effects

on neurological disorders that involve basal ganglia Par-

kinson’s disease (PD) and HD [121]. Beneficial effects

include the alleviation of specific motor symptoms, namely

choreic movements with CB1/transient receptor potential

vanilloid type 1 agonists in HD and bradykinesia with CB1

antagonists and tremor with CB1 agonists in PD. In AD,

b-amyloid (Ab) accumulation is accompanied by endo-

cannabinoid release from neurons and glial cells resulting

in elevation in Erk activity and induction of BDNF and

activation of CB1-induced neuroprotective pathways [122].

In addition, endocannabinoids modulate the release of

inflammatory mediators in microglia through cannabinoid

CB2 receptors. This supports the view that endocannabi-

noids may trigger CB2-dependent proinflammatory

cytokine release and neuroinflammation, a process closely

associated with the pathogenesis of AD [123].

4-Hydroxynonenal in metabolic syndrome

and neurological disorders

Non-enzymic peroxidation of ARA generates 4-hydroxy-

nonenal (4-HNE), a nine-carbon a, b-unsaturated aldehyde.

This aldehyde is one of the major end products of non-

enzymic oxidation of ARA and an important mediator of

neural and non-neural cell damage because of its ability to

reacts with lysine, cysteine and histidine residues in pro-

teins, but also with free amino acids, deoxyguanosine and

aminoglycerophospholipids [124]. The C3 position of

4-HNE is a highly reactive site that undergoes a Michael

addition reaction with cellular thiols and hence readily

forms adducts with glutathione or protein-containing thiol

groups. 4-HNE may cause a number of deleterious effects

in cells including inhibition of DNA and RNA synthesis,

disturbance in calcium homeostasis and inhibition of

mitochondrial respiration. These events may play a sub-

stantial role in the disruption of the energy-producing

capacity of mitochondria in MetS. It is likely that in brains

of MetS subjects, by inhibiting glucose transporter, gluta-

mate transporter and sodium, potassium ATPases, 4-HNE

depolarizes neuronal membranes leading to the opening of

NMDA receptor channels and influx of calcium ions into

the cell [125–127]. As a second messenger, Ca2? mediates

physiological responses of neurons to neurotransmitters

and neurotrophic factors. The pro-apoptotic effects of Ca2?

are mediated by a diverse range of Ca2?-sensitive factors

that are compartmentalized in various intracellular organ-

elles including the endoplasmic reticulum, cytoplasm and

mitochondria in MetS. The Ca2? dynamics of these

organelles appear to be modulated by the apoptosis-regu-

lating Bcl-2 family proteins [128]. Moreover, elevated

cytoplasmic Ca2? levels activate the mitogen-activated

protein kinase (MAPK) cascade and the PtdIns 3K-Akt

pathway, being also critical for amino acid-mediated acti-

vation of mammalian target of rapamycin (mTOR) [129].

Activation of MAPK and/or mTOR pathways in turn may

promote cell survival or cell death, depending on the

stimuli.

4-HNE also impairs glucose transport and decreases

cellular ATP levels by depressing mitochondrial function

[130]. 4-HNE contributes to the pathogenesis of insulin

resistance in MetS. Levels of 4-HNE are increased in the

blood and muscle tissue of obese subjects compared to

normal weight subjects [131, 132]. Improved insulin sen-

sitivity in muscle cells following exercise or dietary energy

restriction reduces levels of 4-HNE [133]. Levels of

4-HNE are also elevated in adipocytes in obesity where it

may impair the function of proteins that play important

roles not only in biosynthesis of complex lipids [134], but

also in dampening of inflammation [135]. 4-HNE not only

damages pancreatic beta cells, but impairs the ability of

muscle and liver cells to respond to insulin. These pro-

cesses may contribute to insulin resistance [136]. 4-HNE

promotes atherosclerosis by modifying lipoproteins and

may induce cardiac cell damage by impairing metabolic

enzymes. 4-HNE produces neurodegeneration by modifying

membrane-associated glucose and glutamate transporters,

ion-motive ATPases, enzymes associated with b-amyloid

metabolism and cytoskeletal proteins [125, 126]. Exercise

and dietary energy restriction may not only reduce 4-HNE

generation, but also increase cellular systems for 4-HNE

detoxification, such as glutathione and oxidoreductases.

Accumulating evidence suggests that excessive generation

and accumulation of 4-HNE may contribute to obesity,

insulin resistance, and MetS in rodents and humans [137].

Thus, consumption of a high x-6 fat and high carbohydrate

diet in human subjects increases the level of 4-HNE in the

plasma rapidly (within minutes to hours) [138]. Now it is

becoming increasingly evident that a high fat and high

carbohydrate diet promotes MetS and obesity when con-

sumed regularly, suggesting a role for 4-HNE very early in

the development of MetS and obesity. In contrast, when

moderately obese subjects are maintained on an alternate

day calorie restriction diet, their levels of circulating 4-HNE

and other markers of inflammation (eicosanoids, platelet

activating factor, CRP) are significantly reduced, supporting

the view that membrane lipid peroxidation can be reversed

by dietary restriction. Levels of 4-HNE are markedly

increased in brain tissue from patients with stroke, AD

and depression, and it is suggested that protein, lipid and

nucleic acid modifications by 4-HNE may be involved in

neurodegenerative processes associated with cell death in

neurological diseases [64].
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Oxy/hydroxycholesterol in metabolic syndrome

and neurological disorders

It is well known that oxidative stress is involved in insulin

resistance, hypertension, endothelial dysfunction and

dyslipidemia. These factors contribute to type 2 diabetes

(T2DM), metabolic syndrome and cardiovascular disease

(CVD). Clinical studies have indicated elevated levels of

oxy/hydroxysterols in patients with diabetes, hypercholes-

terolemia, advanced carotid atherosclerosis and individuals

at increased risk for CVD [139]. These metabolites not

only play an important role in the regulation of cholesterol

metabolism [140], but also act as important modulators of

insulin by acting as agonists of liver X receptors (LXRs)

[139]. It is also reported that increases in the levels of oxy/

hydroxysterols in obesity and metabolic syndrome are

linked with enhanced inflammatory stress, as indicated by

the increase in C-reactive protein [141]. Levels of hydroxyl

and ketocholesterol are also elevated in neurological dis-

orders. It is reported that hydroxyl and ketocholesterols

promote neurodegeneration in various types of neuronal

cultures [64].

Interactions among lipid mediator in metabolic

syndrome and neurological disorders

It is obvious from the above description that like MetS,

levels of lipid mediators are markedly increased in neuro-

logical disorders including stroke, AD and depression

(Table 1). Under normal conditions, homeostasis among

phospholipid-, sphingolipid- and cholesterol-derived lipid

mediators is based not only on activities of lipid mediator

synthesizing enzymes and organization of signaling net-

work, but also on the complexity and interconnectedness of

their metabolism [64]. Thus, phospholipid-, sphingolipid-

and cholesterol-derived lipid mediators and their down-

stream targets constitute a complex lipid signaling network

with multiple nodes of interaction and cross-regulation. In

MetS as well as neurological disorders increased activities

of lipid mediator synthesizing enzymes in the brain may

result in marked elevation in levels of lipid mediators [64],

which disturb the signaling networks and lead to the loss of

communication among various receptors. This process not

only threatens the integrity of neural cell lipid homeostasis,

but also facilitates neural cell death [64]. In addition to the

above processes, the organization and compartmentaliza-

tion of phospholipids, sphingolipids and cholesterol in

neural membranes of various subcellular fractions provides

structural and functional integrity that facilitates the

appropriate interactions with integral membrane proteins.

An organized compartmentalization of phospholipids,

sphingolipids and cholesterol is needed for modulating

regular cellular functions such as cell proliferation,

differentiation, communication and controlled adaptive

responses through interactions among phospholipid-,

sphingolipid- and cholesterol-derived lipid mediators

[142]. However, under pathological conditions high levels

and intense interactions among phospholipid-, sphingo-

lipid- and cholesterol-derived lipid mediators produce

harmful effects that facilitate oxidative stress, neuroin-

flammation and apoptotic cell death [64]. At the molecular

level, close interactions between ARA and ARA-derived

metabolites, and ceramide and its metabolites (ceramide

1-phosphate) occur in various types of neuronal cultures

[64]. These biochemical events are closely associated with

oxidative stress, inflammation and apoptosis.

Metabolic syndrome as a risk factor for neurological

disorders

The imbalance between energy intake and energy expen-

diture produces an increase in obesity, which is an

independent risk factor for cardiovascular and cerebro-

vascular diseases [143]. However, the pathophysiological

mechanism of obesity-mediated cardiovascular and cere-

brovascular diseases is still uncertain. Hypertension,

dyslipidemia and atherosclerosis associated with metabolic

syndrome may explain in part the risk of cardiovascular

Table 1 Levels of lipid mediators in MetS and neurological disorders

Lipid mediator MetS Stroke AD Depression References

Prostaglandins Increased Increased Increased Increased [64, 153, 186, 187]

Leukotrienes Increased Increased Increased Increased [64, 153, 186, 187]

Thromboxanes Increased Increased Increased Increased [64, 153, 186, 187]

Platelet activating factor Decreased Increased Increased – [64, 153, 188, 189]

Diacylglycerol – Increased – – [64]

Endocannibinoids Increased Increased Increased Increased [119]

Ceramide Increased Increased Increased Increased [64, 190]

Oxy/hydroxysterols Increased Increased Increased Increased [64, 191]
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and cerebrovascular diseases. This possibility is biologi-

cally and clinically plausible because central adiposity is

associated with insulin resistance, atherosclerosis and

hypertension. These factors appear to be the underlying

causes of MetS, type II diabetes and cardiovascular disease

[144]. MetS is likely the link between cardiovascular and

cerebrovascular diseases including stroke. Indeed, the

incidences of cerebrovascular diseases increase many fold

in MetS patients with cardiovascular diseases. Thus,

patients with heart disease have a nine-fold higher risk of

cerebral infarction compared to the general population

[145]. Induction of neuroinflammation, increased produc-

tion of free radicals, alterations in neurotrophic factors and

reduction of insulin transport into the brain have been

reported in patients with metabolic syndrome [146, 147]. In

addition, various components of MetS, such as hyperten-

sion, insulin resistance, atherogenic dyslipidemia, abnormal

TAG and obesity have been reported to induce vascular

endothelium dysfunction, which may contribute to ischemic

injury. Similarly, MetS patients are also at high risk to

develop AD and depression [146–148]. Collectively, epi-

demiological, clinical, neuroimaging and animal studies

provide compelling evidence that MetS adversely affects

many different organ systems and increases the risk for

major diseases, such as stroke, AD and depression [136].

Metabolic syndrome and stroke

Increasing evidence points to an association between

metabolic syndrome and first or recurrent stroke. In the

National Health and Nutrition Examination Survey, MetS

was associated with stroke history (odds ratio = 2.2; 95%

CI, 1.5 to 3.2) among 15,922 subjects [149]. Prospective

studies including the Framingham and the Atherosclerosis

Risk in Communities studies have also demonstrated that

MetS is associated with ischemic stroke [150]. The Ath-

erosclerosis Risk in Communities data suggest that there

may be risk differentials according to sex for MetS as well.

Possible explanations for these differences include dispar-

ities in the prevalence and potency of vascular risk factors.

In the Framingham study, women with three or more

‘‘metabolically linked factors’’ had a relative risk of 5.9

(95% CI, 2.5 to 13.7) for coronary artery disease compared

with a relative risk of 2.3 (95% CI, 1.6 to 2.4) in men [151].

A multiethnic, prospective, population-based cohort study

reports a significant association between MetS and ische-

mic stroke risk, independent of other confounding factors

including age, education, physical activity, alcohol use and

current smoking. These data demonstrate that MetS may be

more potent among women. An explanation for possible

sex differences could include a greater impact of the

metabolic syndrome among postmenopausal women [152].

All these studies indicate some biochemical features of

MetS, such as an impairment of antioxidant systems and

increase in lipid peroxidation products during an episode of

stroke [131, 132] and of inflammatory status [153]. In

addition, at the cellular and molecular level, insulin resis-

tance confers changes that play important role in the

pathophysiology of vascular diseases, including stroke.

Hyperglycemia, a key component of MetS, contributes to

oxidative stress by several mechanisms, including glucose

auto-oxidation, advanced glycated end product (AGE)

formation, an increase in ARA oxidation and activation of

NADPH oxidase. Both diabetic patients and those with

impaired glucose tolerance have decreased endothelium-

dependent vasodilation because of either decreased nitric

oxide (NO) production or impaired NO metabolism [154].

Normally, NO exerts a protective effect against platelet

aggregation and plays an important role in the response to

ischemic challenge [155]. Only indirect evidence is avail-

able at the present time linking NO dysregulation and

stroke. A recent study found a decreased response of

cerebrovascular blood flow to NO synthase inhibition in

diabetic patients compared with non-diabetic patients,

although not enough patients were enrolled to determine

significance [156]. MetS patients have been reported to

show an increase in hypercoagulable status. Therefore,

plasminogen activator inhibitor-1 and antithrombin III,

which inhibit fibrinolysis, as well as tissue plasminogen

activator antigen, a marker of impaired fibrinolysis, con-

sistently have been found to be elevated in diabetic patients

and in those with insulin resistance [157, 158]. Some

studies also indicate that coagulation factors also rise with

the degree of insulin resistance [159]. This upregulation is

likely secondary to a chronic inflammatory state. At this

stage inflammatory markers, such as C-reactive protein and

lipoprotein-associated PLA2, are correlated with increased

thrombotic factors and stroke incidence [160, 161]. The

promotion of thrombus formation may also occur via

platelet hyperreactivity. Insulin normally acts to inhibit

platelet aggregation in response to ADP, but this action is

attenuated in diabetic patients [162]. Another mechanism

underlying this relationship between MetS and incidence of

stroke is linked to carotid intima-media thickness, an

indirect sign of atherosclerosis, whose value has been

found to be increased in diabetes setting [163]. A high fat

and high carbohydrate diet increases levels of FFA in

plasma and skeletal muscles. This increase in plasma FFA

levels contributes to the oxidative stress, inflammation and

subnormal vascular reactivity (Fig. 2) [6]. Cytokines

(TNF-a, IL-1b, IL-6) released by visceral immune cells in

MetS have been observed also in astrocytes and microglial

cells in the brain. Although levels of cytokines are lower in

MetS than stroke, both pathological conditions are sup-

ported by increased expression and release of cytokines.
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Metabolic syndrome and Alzheimer’s disease

AD is a multifactorial disease characterized by progressive

neuronal degeneration, gliosis, and accumulation of senile

plaques (SP) and neurofibrillary tangles (NPT), which are

aggregates of amyloid-b (Ab) peptides derived from pro-

teolytic cleavages of amyloid precursor protein (APP) and

hyperphosphorylated tau protein, respectively [153]. The

aggregation of Ab is the result of an abnormal amyloid

precursor protein (APP) cleavage by b- and c-secretases. In

addition, impairment in energy metabolism, mitochondrial

dysfunction and alterations in neural membrane phospho-

lipid, sphingolipid and cholesterol levels have also been

reported in AD [153]. Type II diabetes mellitus is associ-

ated with an increased risk of cognitive dysfunction and

AD [149, 164]. Although some uncertainty remains in the

exact pathogenesis, it is becoming increasingly evident that

there are several mechanisms, including hyperglycemia,

insulin resistance, microvascular disease, glucose toxicity,

oxidative stress, inflammation and atherosclerosis, through

which type II diabetes may modulate brain function. The

long-term presence of the above processes may result in

cerebrovascular disease, which may accelerate cognitive

decline and promote dementia. These studies suggest that

insulin and insulin-signaling mechanisms are important for

neuronal survival. Insulin is known to play important roles

in regulating memory, so any disturbance in insulin sig-

naling may have a negative impact on memory [165].

Insulin elevates the extracellular concentration of Ab by

two independent mechanisms: (1) inhibition of extracellu-

lar degradation of Ab by insulin degrading enzyme or (2)

stimulation of Ab secretion by increasing the trafficking of

APP from the ER and trans-Golgi network, the main site

for Ab generation, to the plasma membrane, which sig-

nificantly reduces the intracellular concentration of Ab
derivatives (Ab40 and Ab42) (Fig. 3) [166]. Interactions

between insulin and Ab and an excess of insulin inhibit the

degradation of both Ab40 and Ab42 almost completely

[167]. It was also observed that Ab derivatives avoid

insulin degradation in a dose-dependent manner [167].

In type II diabetes, hyperglycemia may produce toxic

effects of glucose metabolites in the brain and cerebral

vasculature. Abnormality in insulin function in the brain not

only induces changes in synaptic plasticity and learning and

memory, but also promotes an increase in Ab generation

through the upregulation of b-secretase activity (Fig. 3) and

phosphorylation of tau (s) proteins through stimulation of tau

kinases [164]. As stated above, 4-HNE, which accumulates

in visceral tissues in MetS and in brains from AD patients,

also stimulates the production of Ab through the
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upregulation of b-secretases [136, 168]. Thus, insulin sig-

naling abnormalities may be the underlying mechanism

affecting the outcome of AD. Insulin resistance and disor-

dered degradation of amyloid seem to link diabetes mellitus

and MetS with AD [169]. Insulin dysregulation may mediate

its effects in a variety of ways including decrease in cortical

glucose utilization, increase in oxidative stress, generation of

advanced glycated proteins, increase in neurofibrillary for-

mation and increase in Ab aggregation through inhibition of

insulin-degrading enzyme [170]. Insulin resistance can

therefore be a link among AD, type 2 diabetes mellitus and

MetS [171]. It has been hypothesized that peripheral insulin

resistance can affect CNS insulin levels, cognition and Ab
levels [171]. Peripheral insulin resistance downregulates

insulin uptake at the blood brain barrier and may cause CNS

insulinopenia. Since insulin promotes intracellular Ab
release and alters expression of insulin degrading enzyme,

low brain insulin levels result in Ab accumulation in neu-

rons. Peripheral insulin resistance may also inhibit clearance

of Ab from the brain to the periphery, either by blocking its

transport from the brain or by interference with clearance in

peripheral sites. Thus, these processes may lead to the

accumulation of Ab with decreased clearance caused by

insulin resistance [171].

In addition, marked abnormalities in insulin and IGF-I

and IGF-II signaling mechanisms have been reported in

brains of AD patients compared to normal brain [64].

These abnormalities involve reduction in levels of insulin

receptor substrate (IRS) mRNA, tau mRNA, IRS-associ-

ated PtdIns 3K, and phospho-Akt (activated), and increased

glycogen synthase kinase-3beta activity and amyloid pre-

cursor protein mRNA expression. The strikingly reduced

CNS expression of genes encoding insulin, IGF-I and IGF-

II, as well as the insulin and IGF-I receptors suggests that

AD may represent a neuro-endocrine disorder that resem-

bles, yet is distinct from diabetes mellitus. Based on these

observations, it is proposed that AD may represent type III

diabetes that selectively involves the brain and has

molecular and biochemical features that overlap with both

type 1 diabetes mellitus and type II diabetes mellitus [46].

Collective evidence suggests that many important compo-

nents of AD appear to stem from imbalances in insulin

signaling intrinsic to the brain, rather than systemic insulin

imbalances [172, 173]. Furthermore, it is also reported that

antidiabetic drugs can be used for the treatment of AD.

Thus, PPARc agonists have been shown to improve insulin

sensitivity, decrease inflammation and improve cerebral

energy metabolism [171]. Collectively, these studies

strongly support the view that there may be a link between

the pathogenesis of MetS and AD.

Metabolic syndrome and depression

Depression is a common psychiatric disorder affecting

about 121 million people worldwide. (http://www.who.
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int/mental_health/management/depression/definition/en/).

Although multiple pathways are associated with the

pathogenesis of depression, currently the monoaminergic

pathway has received considerable attention. Metabolic

syndrome is frequently found among depressed and anx-

ious patients. A Dutch study has analyzed the components

of metabolic syndrome among 1,217 depressed and/or

anxious subjects and 629 controls, and their associations

with symptom severity and antidepressant used. A posi-

tive association has been reported between depression

severity and MetS prevalence [174]. It is suggested that

conventional antidepressants exert variable effects on

constituent elements of metabolic syndrome, inviting the

need for careful consideration prior to treatment selection

and sequencing [175].

Stress is a major contributor to the development of

depression due to the dysregulation of the hypothalamic-

pituitary-adrenal (HPA) axis. Stress triggers the release of

high levels of cortisol and noradrenaline within minutes.

The immune system responds not only by enhancing the

levels of proinflammatory cytokines, which modulate

behavioral changes associated with depression through

their effects on neurotransmitter and neuropeptide function,

synaptic plasticity and neuroendocrine function [176–178].

Although the role of cortisol and noradrenaline has

intensely been studied, the exact pathological mechanism-

associated induction of depression is still unclear. In

addition, activation of the immune system can provoke

neuroendocrine and neurotransmitter changes that are

similar to those provoked by physical or psychological

stressors [179]. Accumulating evidence suggests that type

II diabetes and depression are linked with each other

through stress, which impairs the ability of the brain to

regulate corticosteroid release, leading to hypercortisol-

emia [178]. Excessive stimulation of corticosteroid

receptors in the hippocampus may cause hippocampal

atrophy, which may lead to depression and dementia

(Fig. 4) [180]. Direct and indirect actions of cortisol and

noradrenaline modulate lipolysis, FFA production and

turnover, and very-low-density lipoprotein synthesis.

Accumulated FFAs are released into the circulation. This

increase in FFA may not only enhance the accumulation of

hepatic lipids, reducing glucose uptake and activating

various serine kinases, which result in decreased insulin

signaling (Fig. 4), but also facilitates production of ROS

through the oxidation of unsaturated FFA. Collective evi-

dence suggests that stress-mediated release of cortisol and

noradrenaline, generation of ROS and membrane damage

as major candidates cause an insulin resistant state in the

brain with decreased glucose/energy metabolism [181].
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Noradrenergic signaling in the brain plays an essential role

in circuits involving attention, mood, memory and stress as

well as providing pivotal support for autonomic function in

the peripheral nervous system [182]. This may further

cause a derangement in ATP-dependent cellular and

molecular work, of the neural cell function in general, as

well as derangements in the endoplasmic reticulum/Golgi

apparatus, axon, synapses and membranes, in particular.

These studies support the view that neurochemical pro-

cesses in MetS and depression involve overlapping signal

transduction processes.

Recently, a new perspective on the molecular contri-

bution in the context of depressive disorders was drawn

highlighting the importance of glutamatergic dysfunction

in late-life depression and cognitive disorders [183].

To date, no studies on humans have been addressed to

this interesting topic. However, in animal models two

important components of MetS (hyperinsulinemia and

hypertension) have been related to activation of glutama-

tergic receptors in the rostral ventrolateral medulla,

increasing the sympathoexcitatory response activity [184].

Furthermore, an altered balance of gamma-aminobutyric

acidergic (GABA) and glutamatergic afferent inputs in the

rostral ventrolateral medulla, projecting neurons in the

paraventricular nucleus of the hypothalamus, has also been

observed [185]. However, further investigations are needed

to clarify this relationship and for better understanding of

whether metabolic changes could be predictive of an

increased risk to develop mood disorders and vice-versa.

Conclusion

MetS is a common and complex disorder combining

obesity, dyslipidemia, hypertension and insulin resistance.

Abnormalities in lipid metabolism, such as an increase in

circulating free fatty acids and excess intramyocellular

lipid accumulation, are frequently associated with insulin

resistance. However, the causal links between obesity and

insulin resistance are controversial and complex. Over-

supply of lipid to peripheral tissues has been proposed to

contribute to the development of insulin resistance. The

resultant lipid accumulation is most likely due to enhanced

fatty acid uptake and/or biosynthesis coupled with dimin-

ished mitochondrial lipid oxidation. Defects in either

insulin or leptin signaling in the brain result in hyperphagia

and disordered glucose homeostasis. Alterations in levels

of free fatty acids, diacyglycerol, ceramide, endocannabi-

noids and 4-hydroxynonenal play an important role in the

pathogenesis of MetS. It is hypothesized that hypothalamic

insulin and leptin signaling converge upon a single intra-

cellular signal transduction pathway, known as the insulin-

receptor-substrate phosphatidylinositol 3-kinase pathway.

Interplay between insulin and the leptin signal transduction

pathway may activate hypothalamic phosphatidylinositol

3-kinase signaling associated with appetite. Long-term

consumption of a Western diet, which is rich in fat and

simple carbohydrates, results in MetS, a clinical entity that

encompasses a diverse range of chronic diseases (stroke,

AD and depression). MetS is a primary risk factor for

diabetes and cardiovascular disease. It is likely that MetS,

as a whole entity (insulin resistance, abdominal obesity,

atherogenic dyslipidemia and hypertension), may be a

better risk indicator than any individual MetS component

for adverse health outcomes, like stroke, AD and

depression.
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